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Abstract During recent years the interaction between the
extracellular matrix and the cytoskeleton of the cell has
been object of numerous studies due to its importance in
cell migration processes. These interactions are performed
through protein clutches, known as focal adhesions. For
migratory cells these focal adhesions along with force gener-
ating processes in the cytoskeleton are responsible for the for-
mation of protrusion structures like lamellipodia or filopodia.
Much is known about these structures: the different proteins
that conform them, the players involved in their formation or
their role in cell migration. Concretely, growth-cone filopo-
dia structures have attracted significant attention because of
their role as cell sensors of their surrounding environment and
its complex behavior. On this matter, a vast myriad of math-
ematical models has been presented to explain its mechan-
ical behavior. In this work, we aim to study the mechani-
cal behavior of these structures through a discrete approach.
This numerical model provides an individual analysis of the
proteins involved including spatial distribution, interaction
between them, and study of different phenomena, such as
clutches unbinding or protein unfolding.
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1 Introduction
Cell migration is crucial in a wide range of biological
processes like chemotaxis, cancer metastasis, tissue regen-
eration and development. Nevertheless, despite the impor-
tance of this phenomenon, it still exists a deep unawareness
of the main mechanisms that mediate this process. This lack
of knowledge is due to the high variability of morphology
that cells show during migration and its strong dependency on
environmental factors, such as dimensionality, stiffness of the
matrix and chemical gradients [29]. During migration, cells
can present two different extreme main migration modes:
amaeboid (weak adhesions) and mesenchymal (strong adhe-
sions). Therefore, the understanding of cell–matrix adhe-
sions is essential for advancing in the comprehension of cell
migration. Cell adhesion is the mechanism that ensures struc-
tural integrity of tissue [39], and it is mainly regulated by
mechanical processes [11,46]. Moreover, forces generated
by cells are crucial in morphological tissue changes during
cell migration, along with other processes such as spread-
ing, migration and division [22,48,38]. The force generating
processes in the cytoskeleton are closely related to the build-
ing of adhesion sites, called focal contacts or focal adhe-
sions (FAs) [15,38]. These connections make the mechani-
cal forces generated in the cytoskeleton (usually by myosin
proteins) to reach the extracellular matrix (ECM), allowing
the cell to sense the mechanical properties of their surround-
ings, which will regulate the cell behavior. Focal contacts are
mainly localized in the edge of cells in like-protrusion struc-
tures such as lamellipodia and filopodia [14]. When they are
found in high concentration (i.e. in these kind of structures),
they are called focal adhesions. These adhesions are strongly
related with the retrograde flow of the actin filaments, which
is driven by actin polymerization and myosin contractility
[36].
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Fig. 1 Scheme representation of the main components that define the
cell–matrix attachment through actin cytoskeleton
In fact, migrating cells are governed by a cycle of mem-
brane protrusion, cell adhesion to the matrix, cytoskeleton
contraction and de-adhesion at the cell rear [43]. This cyclic
process in protruding lamellipodia is mainly regulated by
the cell cytoskeleton through the filamentous actin (F-actin)
assembly and retrograde flow (see Fig. 1). These adhesions
connect the cytoskeleton of a cell to the extracellular matrix
by means of a dynamic and complex set of proteins. Actually,
these adhesions are implemented by transmembrane recep-
tors from the integrin family [9] (which are placed in the
cell membrane and reach both sides), binding protein lig-
ands of the ECM, like fibronectin family [35], with the actin
cytoskeleton through a clutch of proteins that include talin,
α-actinin, vinculin and paxilin [49,39]. The polymerization
of actin filaments provides the force for membrane defor-
mation causing membrane protrusion. Contractile forces are
generated by the myosin II, which moves antiparallel actin
filaments past each other and thereby provides the force that
rearranges the actin cytoskeleton [29]. Finally, these protru-
sions must adhere to the matrix to define cell locomotion.
If they do not attach, protrusions are unproductive and tend
to move rearward in waves in response to the tension gen-
erated in the cell, in a process known as membrane ruffling
[4]. Therefore, actin retrograde flow is strongly dependent on
cell contraction and focal adhesion size, concentration and
strength [17].
In this work, we propose a discrete computational model
for the simulation of the actin retrograde flow in filopodia
growth-cone structures. Filopodia are found interposed along
the lamellipodium leading edge and they consist of bundles of
actin filaments that are packed together and protrude forward
[24]. Filopodia not only play a role as adhesion sites, but
also as sensors of the environment that surrounds the cell
and signaling [50], and they also contain the receptors for
the guidance molecules [3,25,33,42].
Mathematical modeling of cell adhesion is crucial for
advancing in the understanding of how cells regulate their
cytoskeleton to lead their locomotion [16]. Therefore, a high
number of conceptual [34,8] and mathematical works [13,2]
have been developed to unravel how mechanical stimulus
and cell-matrix properties regulate the dynamics of FAs.
Most of these works are based on stochastic dynamics of
multiple receptor–ligand bonds [13]. So, for example, Nico-
las et al. [26] proposed that the FA mechanosensitivity can
be enhanced by deformation-induced increase in the affin-
ity of plaque proteins that form the adhesion. Shemesh et al.
[40] considered FA growth as a consequence of enhanced
aggregation of FA proteins in the direction of force appli-
cation. Deshpande et al. [10] proposed a model of cellu-
lar contractility that accounts for dynamic reorganization of
cytoskeleton. Chan and Odde [7] investigated ECM rigidity
sensing of filopodia via a stochastic model of the motor-
clutch force transmission system, where integrin molecules
work as mechanical clutches linking F-actin to the substrate
and mechanically resisting myosin-driven F-actin retrograde
flow. More recently, Novikova et al. [27] proposed an original
mathematical model for stiffness-sensing at focal adhesions,
based on the interplay of catch-bond dynamics in the inte-
grin layer and intracellular force generation through contrac-
tile fibers. One of the main limitations of these approaches
is the assumption that total force is equally transmitted to
all the bonds, not considering the spatial distribution of the
focal adhesions. Another different strategy is based on a con-
tinuous approach considering energetic basis. Olberding et
al. [28] proposed a theoretical treatment of focal adhesion
dynamics as a nonlinear rate process governed by a classical
kinetic model. Kong et al. [21] treated the focal adhesion as
an adhesion cluster and studied the stability of this cluster
under dynamic load by applying cyclic external strain on the
substrate. There are also other works that were not specifi-
cally conceived for cell adhesions, but their methodology can
be applied to model them. For example, Sauer and Wriggers
[37] presented a three dimensional finite element method for
contact problems developing a computational contact for-
mulation that captures intermolecular forces such as van der
Waals adhesions.
In focal adhesions sites it is important to assess the impact
that protein folding phenomena has on them. In this paper,
a force dependent model is implemented, but this phenom-
enon has been the focus of numerous numerical and math-
ematical studies during the last years. Thanks to technolog-
ical advances in computer hardware and software, the pos-
sibilities of performing numerical analysis on this subject
has increased and improved. Different numerical approaches
have been developed in order to simulate protein folding,
from making predictions of a folded peptide from its pri-
mary sequence to Monte Carlo simulations [23,41] or dif-
ferent molecular dynamics simulations [44]. For example,
Monte Carlo simulations are used to obtain an approxima-
tion of a dynamically folding pathway. However, in order
to understand how the mechanism of the whole folding
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process is, atomistic molecular dynamics simulations are
used, since they provide information about the transitions
between structures [12]. The accuracy of these simulations
relies on the capacity of the different physical models (force
fields) to reproduce the true potential energy surfaces of pro-
teins [6,32]. Freddolino et al. [12] analyzed the challenges
that molecular dynamic simulations face, mainly due to the
amount of sampling needed in order to model protein fold-
ing and the accuracy required from empirical force fields
that represent the true free energy surface on which a protein
folds. It is also interesting to remark the work of Waisman
and Fish [47], in which they originally proposed a variant
of the full approximation storage (FAS) technique [5]. This
method allowed the consideration of different force fields at
various scales, enhancing in that way the flexibility and the
computational performance. More recently, Piana et al [32]
evaluated the accuracy of the force fields typically used in
folding simulations.
The binding phenomenon treated in this article has also
been simulated in other numerical works. They are based on
the estimation of the binding energy and different computa-
tional approaches are widely discussed in Viet’s work [45].
These approaches can be divided in docking methods, where
scoring functions are used to identify the most stable recep-
tor ligand conformation, and methods based in Brownian
dynamics simulations. They used conformational sampling
to generate thermodynamical averages. There are a wide vari-
ety of methods used to compute the binding free energy such
as linear interaction energy (LIE), linear-response approxi-
mate (LRA), molecular mechanics Poisson–Boltzmann sur-
face area (MM-PBSA) [20] and thermodynamics integration
(TI). Generally, these methods are more accurate than dock-
ing methods but, they are more time consuming.
In this work, we present a mathematical model to simulate
filopodia protrusion phenomenon during the actin retrograde
flow process. This model takes into account the different
set of proteins involved: from myosin and actin filaments
to the ligands on the ECM, including the linking proteins
that perform the adhesion. Therefore, in this work we aim to
understand through numerical discrete simulations how the
spatiotemporal assembly, disassembly and reorganization of
focal adhesions influence on the force transmission from the
acto-myosin contractile system to the extracellular matrix.
2 Materials and methods
In this section we present the simulation model together with
the equations that govern its behavior and the hypotheses in
which it is based. The main goal of this model is to reproduce
the retrograde flow of actin filaments in filopodia protrusions
due to the dynamics of cell–matrix adhesions. The number
of components involved in this phenomenon is considerable,
therefore some simplifications are required due to its com-
plexity. More than 150 hundred types of proteins are involved
in the linkage between the cytoskeleton and the extracellular
matrix, but in this paper we only consider the effect of myosin
proteins, actin filaments, extracellular ligands and protein
complexes. These protein complexes, called adhesion com-
plexes (ACs), are formed by a myriad of intracellular proteins
(paxilin, vinculin, talin,…), and also by the integrins in the
cell membrane [39]. These bind the actin filaments with the
extracellular ligands in the matrix, addressed from now on
as simply ligands.
2.1 Brief description of the simulation model
The development of a full discrete model that includes all
the protein complexes and their interactions involved in the
formation of a filopodium would imply a huge computational
cost. Due to this, a simplification of the actual case is pro-
posed, presenting a model that consists on a single actin fila-
ment bound to the ECM. The system movement starts when
myosin proteins exert a force on the actin filament provoking
its retrograde flow as it is shown in Fig. 2b. As the actin fila-
ment is driven backwards, it starts to bundle with the matrix
through the ligands, which are located in the substrate of
the ECM. Therefore, the ligands perform a role of anchoring
points. ACs oppose to the actin filament movement by trans-
mitting the force to the matrix causing its deformation. In
this work, ACs are considered as a complex with two difer-
ent arms (see Fig. 2a): one of them binds to the actin filament
(actin-arm), and the other binds to the ECM (matrix-arm). In
this model, as a first approach, the effect of the cellular mem-
brane is not taken into account. Therefore, the actin filament
is connected directly with the ligands through the ACs. The
model scheme is shown in Fig. 2b.
The simulation model can be divided in three different
components, where force balance is considered. In the fol-
lowing sections, the mathematical equations that govern the
model are described.
2.2 Actin–myosin complex
We assume that the actin filament presents a solid rigid behav-
ior and it only moves in the horizontal direction; therefore,
only forces in that direction are considered. In addition, we
consider that the myosins can only exert a force to pull from
the actin filaments. The magnitude of this force depends on
the number of myosin heads attached to the actin filament.
The force exerted by the myosin heads is considered constant
and equal between them. Thus, the total force is given by:
Fm = Fc · nm, (1)
where Fc is the force exerted by each myosin head and nm
is the number of myosin heads attached to the filament. The
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Fig. 2 Simulation model schemes. a Scheme of an AC with its two
arms in a non-equilibrium status. b Scheme of the whole simplified
system proposed in this work. The actin filament is parallel to the ECM.
ACs bind the actin monomers of the filament with the ligands that are
fixed to the matrix
ACs bound to the actin filament oppose to that force and, as
a result of the balance of these two forces, the actin filament
velocity can be obtained [7]:
ν f ilament = νu(1 + FrFm ), (2)
where Fr is the force applied by the bound ACs and vu is
the actin velocity for the unloaded filament, that is, when
Fr = 0.
2.3 Adhesion complexes (ACs)
The AC is the clutch of proteins that binds the actin fila-
ment with the extracellular matrix through the ligands. It is
considered as two different bars (arms) with the same model
behavior and linked between each other for one side, leav-
ing the free one to bind with the actin filament and ligands,
respectively. One arm is only capable to clutch with the actin
and the other only with the ligand.
The behavior of the ACs is expressed in terms of Brownian
dynamics. The equations that govern this behavior are now
detailed together with the different phenomena that have been
proposed for them: binding-unbinding and folding-refolding.
2.3.1 Brownian dynamics
We assume that the Langevin equation governs the dynamical
behavior of the ACs [18]. Therefore, if we consider the ith
AC,
mi
d2ri
dt2
= Fi − ζi dridt + F
B
i , (3)
where mi is the mass of the AC, ri corresponds to its current
position, Fi are the interaction forces among proteins, ζi is the
drag coefficient and FBi is a stochastic force. This equation
allows the computation of the new position of each particle
for each time increment. In addition, considering that the
inertial effects of the ACs barely have an influence on the
system in the considered time scale, the acceleration term in
Eq. (3) can be neglected, and therefore:
dri
dt
= 1
ζi
(FBi + Fi ). (4)
In order to satisfy the fluctuation-dissipation theorem, the
stochastic force, FBi , is chosen from a random distribution
verifying the following expectation values:
〈
FBi (t)
〉
= 0,
〈
FBi (t)F
B
j (t)
〉
= 2kB T ζiδi j
Δt
δ, (5)
where kB is the Boltzmann constant, T the absolute tempera-
ture, δi j is the Kronecker delta, δ the second order unit tensor
and Δt the time increment considered in the simulation. As
a first approach, it is considered for simplicity that the geom-
etry of the AC corresponds to a sphere, therefore the drag
coefficient is:
ζi = 3πησi , (6)
with σi being the diameter of the sphere and η the viscosity
of the medium.
For the interaction forces, we consider that Fi = Fs + Fb,
where Fs is the internal force of the AC and Fb is the force
induced by the moment created for the orientation of the ACs
arms respect to their balance position. Then, Fs(r12) is given
by [19]:
Fs (r12)=
⎧
⎨
⎩
kB T
p
[
(2l0,i −r12−r0)(r12−r0)
4l20,i (1−r12/ l0,i )2(1−r0/ l0,i )2
+ r12−r0l0,i
]
if r12 ≥ r0,
ks,AC P (r12 − r0) if r12 ≤ r0,
(7)
where r12 is the current length of the AC, r0 is its length at
rest state, p is the persistence length, l0,i = 40 + 10i is the
maximum extension for the ith unfolding, phenomenon that
will be presented in the next section.
The force induced by the orientation is given by
Mb = 12kb(θ − θ0), Fb = MblAC , (8)
where kb is the bending stiffness, θ0 is the balance orientation
for the AC arms and lAC is the lenght of one arm of the
AC. Figure 3 shows the schemes of an AC subjected to the
interacion forces Fs and Fb, respectively.
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Fig. 3 Scheme of ACs subjected to different interaction forces. a Inter-
nal forces on ACs. Each arm is subjected to a different force depending
on their own length. In the central point, the balance between these two
forces is carried out and, as a consequence, the central point moves
until the forces are in equilibrium. b Scheme of an AC subjected to the
moment created by the AC orientation respect to the balance position,
Mb. This moment is applied on the central point of the AC causing
its movement towards the balance position, θ0. In this figure it is only
shown an AC bound to the ligands, but the same methodology is applied
when it is bound to the actin filament
2.3.2 Unfolding/refolding
Experimental tests show that some proteins such as fri-
bonectin or actin crosslinkers can sustain unfolding under
determined extensional forces [1,19]. In this work, we
assume that the ACs present a similar behavior. Therefore,
the internal force–extension curve of the AC exhibits a saw-
tooth behavior; this curve presents peak values around 30 pN,
at 10 nm intervals (see Fig. 4). Then, unfolding phenomena
is regulated by the unfolding rate, ku f [19]:
ku f =
{
k0u f exp(
λu f Fs
kB T ) if r12 ≥ r0,
0 if r12 ≤ r0,
(9)
where λub is the mechanical compliance, k0ub is the zero-force
unfolding rate coefficient and Fs is the internal force of the
AC seen in previous section, Eq. 7.
When unfolding happens, it exists the possibility that the
inverse phenomenon occurs, phenomenon known as refold-
ing. This happens when the AC shrinks below the length
at which the last unfolding occured, then ith unfolding
decreases by 1.
Finally, ku f corresponds to the rate parameter of an expo-
nential distribution function, therefore the probability of the
event is:
P = 1 − eku f Δt . (10)
2.3.3 Binding/unbinding
ACs present the possibility of separating from the actin fila-
ment or the ligands when they are bound to them. This phe-
nomenon is similar to the unfolding one, and it is governed
by the unbinding rate, kub [19]:
Fig. 4 Internal force of an AC arm against its elongation. The saw-
tooth behavior is clearly observed: when the force reach values around
30 pN, unfolding occurs. This provokes a reduction in the internal force
for the same arm elongation
kub =
⎧
⎨
⎩
k0ubexp(
λub Fs
kB T ) if r12 ≥ r0,
0 if r12 ≤ r0,
(11)
where λub is the mechanical compliance of the bond in the
unbinding case and k0ub is the zero-force unbinding coeffi-
cient. In this model, when unbinding occurs, both arms of the
AC refold completely and return to their rest state (r12 = r0).
The probability of this event is given by an exponential dis-
tribution function, similar to Eq. 10.
Free ACs can also bind to the actin filament or the ligands.
This process is determined by the distance between them,
occurring when
123
Comp. Part. Mech.
Fig. 5 Flow chart of the
implemented algorithm
d12 ≤ 21/6σ12, (12)
d12 being the distance between the two particles and σ12 the
average diameter of both particles.
2.4 The extracelullar matrix (ECM)
The extracellular matrix is considered as a set of truss ele-
ments, which only bears axial forces. Therefore, its behavior
can be explained in terms of the global stiffness matrix
Fstr = Kstr Ustr , (13)
where Fstr is the force vector, Kstr is the stiffness matrix of
the ECM and Ustr is the displacement vector corresponding
to all their ligands.
The values of the stiffness matrix depends on the product
of the elastic modulus of the ECM, E, and its surface area,
A. For this work, we consider that A presents a fixed value
and we only change the value of E for all the simulations.
We also assume that in each node the discretization of the
elements is occupied by one ligand. Hence, the force vector
is obtained from the forces exerted by the ACs on each lig-
and, and the displacement vector is applied on them. Initially,
as a first approach, we are working under the assumption of
small strains and displacements. Therefore, we assume a lin-
ear elastic behavior for the ECM and Kstr remains constant.
3 Numerical implementation
In this section, an explicit algorithm is proposed to implement
all the equations seen in the previous section, based on the fol-
lowing steps: First, given the initial conditions, an analysis of
the current position of the ACs, actin monomers and ligands
is performed in order to check the different phenomena con-
sidered (binding–unbinding and unfolding-refolding). Next,
the actin filament moves, and as a consequence, the force
balance in the system breaks the mechanical equilibrium.
This provokes ACs and ECM deformation, requiring an iter-
ative process to reach the force balance again. Finally, the
new force on the actin filament is calculated and therefore its
velocity is obtained.
As a first approach, we consider that the actin filament
polymerizes by setting one actin monomer after another cre-
ating in that way a straight filament. The ECM is considered
parallel to the actin filament with the ligands distributed on it
with a random distribution. The ACs are placed randomly in
the spatial domain set for the simulation. Both actin and lig-
ands are considered as particles and they are defined only by
their central point. Nevertheless, although the ACs are also
considered as particles when random movement, they are
defined by three points and behave like two attached arms
for the rest of scenarios. From now on, these three points are
known as: AC-actin point, that binds the AC with the actin
monomers in the filament and corresponds to the edge of the
actin-arm; AC-matrix point, which corresponds to the edge
of the matrix-arm and binds to ligands; and AC-central point
that corresponds to the point where both arms intersect.
3.1 Development of the algorithm
We present an algorithm for the spatiotemporal resolution
of this problem, which is solved in a discrete form, for each
time increment, n. The algorithm is schematically shown in
Fig. 5, and it is mainly based on three balances of forces.
The whole system mechanism starts by creating the dif-
ferent components involved as it was explained before. Next,
the iteration process begins. Firstly, an analysis of the cur-
rent situation of the different proteins involved in the system
is carried out. This let the algorithm know if some protein
binding phenomenon is occurring. If an AC-actin point is
sufficiently close to a free actin monomer, they automati-
cally clutch. The same process occurs with the ligands and
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the AC-matrix points. Then, the algorithm separates the ACs
in four different scenarios depending on their linkage:
– Case 0 Fully free. The ACs moves randomly in the
medium.
– Case 1 Bound to actin filament. The entire AC moves with
the actin filament in its balanced position.
– Case 2 Bound to matrix. The entire AC moves with the
matrix in its balanced position.
– Case 3 Fully bound to actin filament and to matrix. The
AC is deformed under the effect of the actin movement
and the resistance that the matrix exerts to it.
For the ACs in Case 3, the unbinding and unfolding-refolding
phenomena are studied. Firstly, refolding is checked, that
is, when the AC arm has shrink below the length at which
the last unfolding occurs. If there is no refolding, then the
unfolding phenomenon is studied as it was explained in the
mathematical model. After, the unbinding is checked. All
these analysis are carried out in both arms of the AC.
Next, the actin filament is moved, modifying its position.
The AC-actin points attached to the filament move with it
(Case 1 and Case 3), elongating the ACs actin-arm and break-
ing the force balance of the system. It is important to remark
that the actin filament only moves in horizontal direction.
Due to this, a force balance in the matrix is evaluated. An
iterative process starts and it is repeated until the equilibrium
is fulfilled. The matrix balance begins by performing a local
force balance in each AC of Case 3. This local force balance
consists of an internal iterative process. Internal forces (Eq.
7) are calculated for both arms of the ACs and their AC-
central points are moved as a result, following Eq. 4. When
the difference between the two forces is below a threshold,
the AC is in balance again and therefore the internal iterative
process ends. After all the ACs are in equilibrium, the forces
over the ECM are calculated. These forces correspond to the
ones exerted by the AC matrix-arm over the ligands. Once
these forces are known, the ECM displacements are calcu-
lated by using the stiffness matrix (Eq. 13). When the matrix
is deformed, the AC-matrix point moves with it, causing the
elongation of the matrix-arm if the AC is in Case 3, or just a
displacement, if it is in Case 2. This process breaks again the
internal force balance of the AC, so it is necessary to recal-
culate the AC force balance, the force vector and the new
displacements. This process is repeated until the displace-
ments are lower than a threshold. It also exists the possibility
that the increment of the ligand displacements diverges. In
that case the loop is restarted recovering the initial values,
and the time increment is divided by two.
Once the matrix balance is achieved the forces exerted by
the AC over the actin filament are calculated. Finally, the new
actin filament velocity is computed through Eq. 2 and a new
time iteration starts.
4 Numerical simulations: reference cases
In order to evaluate the potential of the model, several simu-
lations are conducted. The aim of these simulations is to asses
the influence of the ECM stiffness on the actin retrograde flow
velocity and its effect on the adhesion size and on the traction
forces. The values of the parameters used in the model are
shown in Table 1. The exact values of the mechanical proper-
ties of the ACs and some parameters related to unbinding and
unfolding phenomena are yet unknown, therefore, we have
estimated their values in order to simulate this experiment.
As mentioned in previous sections, we have designed a
discrete algorithm to model the retrograde flow of the actin
filament and to study the effect of the CAs in the process. The
results shown in this section corresponds to nine seconds of
simulation and the actin velocity is computed as the aver-
age value of the 6 last seconds of simulation (for the cases
where a velocity analysis is considered), in order to show
the velocity when the system is already stabilized and not
when the clutches are being created and the randomness of
the system is considerable. The results obtained for the ini-
tial values of the variables shown in Table 2 can be seen in
Fig. 9. For a soft matrix, the actin speed is almost maxi-
mum, but as the stiffness increases, the actin speed starts
to decrease. The velocity keeps decreasing until it reaches a
point and, after it, the speed abruptly increases again to almost
maximum values. A similar tendency has been observed in
some experimental results [7].
This kind of behavior can be justified from our simula-
tions. When the matrix is very soft, it can be deformed by
minimum forces (considerably lower than the ones exerted by
the myosin), so it moves along with the actin. The fully bound
ACs move with them, almost without deforming. When the
matrix stiffness increases, the matrix deforms slower exerting
gradually more force to oppose to the actin filament move-
ment. Due to this, the ACs are subjected to an increasing
elongation and, therefore, to an increasing stress to bear. The
abrupt increment in the speed occurs when the matrix is not
able to deform enough due to its high stiffness and the elonga-
tion of the ACs leads to the adhesion failure. As the ACs start
to disengage, the force required to remain the others bound
increases, accelerating in this way the unbinding process.
Therefore, in a short period of time, all the ACs are found
unbound. In order to see clearly these three kind of behav-
iors, we have reproduced the state of each component at the
following time steps: 0 s (initial), 3 s, 6 s and 9 s (end). The
results are shown in Figs. 6, 7 and 8 for soft, intermediate
and stiff matrix, respectively.
It has also been experimentally observed that the traction
forces that the matrix exerts increase with the size of the adhe-
sion [38]. In Fig. 10, this behavior is reproduced for different
matrix stiffness. As the adhesion grows, more ACs are con-
forming the union between actin filament and matrix; there-
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Table 1 Numerical values for the mechanical data and phenomena parameters
Parameter Symbol Value Source
Myosin head force Fc −2(pN) [7]
Unloaded actin filament velocity νu −120(μm/s) [7]
AC balance length r0 30 (nm) Estimated
AC arm length L AC 30 (nm) Estimated
Boltzman energy kB T 4.142 × 10−21 (J) [18]
AC stiffness against compression below the equilibrium length k(s, AC) 4.23 ×10−5 (N/m) Estimated
Zero-force unfolding rate coefficient k0u f 3 × 10−5(s−1) [19]
Mechanical compliance for the actin arm λu f,actin 1.442 (nm) Estimated
Mechanical compliance for the matrix arm λu f,matri x 2.884 (nm) Estimated
Zero-force unbinding rate coefficient k0ub 0.115(s−1) [19]
Mechanical compliance of the actin bond for unbinding λub,actin 0.25 (nm) Estimated
Mechanical compliance of the matrix bond for unbinding λub,matri x 0.5 (nm) Estimated
Persistence length for the actin arm pactin 0.04 (nm) Estimated
Persistence length for the matrix arm pmatri x 0.04 (nm) Estimated
Maximum number of unfolding for the marix-arm nu f 2 Estimated
Simulation step time Δt 0.003 (s) Estimated
Total time of the simulation t 9 (s) Estimated
Actin monomer diameter σA 7 (nm) [18]
Ligand diameter σL 7 (nm) Estimated
Medium viscosity η 8.599 × 10−4 (kg/m s) [18]
Bending stiffness kb 15.74 (nN nm) Estimated
Balance orientation for the AC arms θ0 π/2(rad)
Matrix surface A 2 × 10−4(nm2) Estimated
Table 2 Reference value and values for the sensitivity analysis of the
initial conditions
Parameter Ref. value Sensitivity analysis
Ligands concentration 40 20–60–80
Number of myosin heads 75 45–60–90
Number of actin monomers 60 20–40–80 (nm)
fore, the force on the ECM also increases. In stiffer matrix,
the relation is more linear since the ACs quickly disengage
as the traction forces increase in the ECM. For intermediate
matrix compliance, the clutches starts to build as the traction
force increases slowly, but it reaches a point where the adhe-
sion cannot grow more because of the actin filament length
and it remains constant as the traction force keeps increasing.
5 Sensitivity analysis
To a better understanding of the mechanical behavior of our
approach, it is important to analyze the influence that some
of the components might have on it. For this purpose, a sen-
sitivity analysis has been carried out, varying some parame-
ters that are crucial for understanding the role of cell–matrix
adhesions. For this analysis, we consider a random spatial
distribution of the ligands. The variables subjected to analy-
sis are shown in Table 2.
5.1 Effect of the ligand concentration
Initially, we analyze the role of the concentration of ligands.
The results for a concentration of 20, 40, 60 and 80 ligands
are shown in Fig. 11. The ligands have been located randomly
in a surface that occupies a 40 percent longer than the actin
filament length. Ligands are anchoring points with the matrix,
therefore a lack of these elements would drive to a weaker
adhesion. When the number of ACs linking actin filament
and ECM decreases, the force that holds the actin filament
decreases as well. For the same reason, the stiffness at which
the ACs start to disengage (provoking the filament speed to
rise) decreases with the number of ligands too.
5.2 Impact of the actin filament length
The actin filament length is related with polymerization and
depolymerization processes, hence it is a variable subjected
to considerable changes and it is worth to study. As the fil-
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Fig. 6 Simulation results for
soft matrix (actin green; ACs
yellow; matrix red; ligands red
points). The actin filament starts
to move as a consequence of the
myosin action. The ACs are
moving around the medium
until they get close to an actin
monomer or a ligand and bind to
them. When they are bound to
both of them they start to
transmit forces to the matrix.
Since the matrix is very soft it
deforms very easily, moving
almost at the same velocity that
the actin filament and avoiding
the ACs to bear big forces.
(Color figure online)
ament length increases more ACs are capable of creating
bounds, provoking the linkage to grow stronger and increas-
ing its life time. Moreover, not only new ACs have more
possibilities to bind, but also the ones that were bound and at
some point broke that union have more chances to re-bind.
Consequently, this behavior causes a reduction in the actin
filament retrograde speed. In Fig. 12 the effect on this vari-
able is observed for actin filaments composed of 20, 40, 60
and 80 actin monomers. When more monomers are added
to the actin filament, its velocity decreases considerably and
a stiffer matrix is required to reach the point of minimum
velocity.
5.3 Influence of the myosin traction force
Finally, the influence of the force exerted by the myosins
to pull from the actin filament is analyzed. To do this, the
number of myosin heads is changed in order to reproduce
this effect. Each myosin head exerts a constant force to pull
from the actin filament, therefore as the number of myosin
heads rises the pulling force increases in a linear relation too.
Results are shown in Fig. 13 for 45, 60, 75 and 90 myosin
heads. As expected, when the force exerted by the myosins
to pull from the actin filament increases, the actin filament
velocity increases as well.
6 Conclusions and discussion
A significant amount of conceptual works regarding focal
adhesions have been carried out during the last few years.
Generally, they can be divided into two different groups: the-
oretical and numerical studies. The first ones set the basics
used in the numerical ones, which, at the same time, provide
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Fig. 7 Simulation results for
intermediate compliance matrix
(actin green; ACs yellow; matrix
red; ligands red points). The
matrix deforms as a
consequence of the force
transmitted from the actin
filament through the ACs. Since
the stiffness is considerable, the
matrix deformation is slower
than the actin filament
movement causing the ACs
deformation. This provokes the
unbinding phenomenon on some
of the ACs and the reduction on
the actin filament velocity.
(Color figure online)
a deeper insight of the phenomena, allowing to improve the-
oretical models. Consequently, it emerges an enriching feed-
back process from which both sides get benefits. In addition,
numerical models can be classified in continuous or discrete.
In this work, we have developed a discrete model, since they
offer the possibility of incorporating individual behavior at
each complex of proteins involved in the biological phenom-
enon. We have provided for an insight view of these types of
adhesions, that let improve our understanding of how each
component individually behaves and how it interacts with the
other ones that surrounds them.
In this work, we have presented a discrete algorithm to
model the cell-matrix adhesions. We have shown that this
discrete model is consistent with experimental data from the
literature [7,38], and it presents a new approach to simu-
late this phenomenon. Hence, we have considered that ACs
are flexible elements with a non-linear behavior and with
some important properties, such as binding–unbinding or
unfolding-refolding. We have also considered the spatial dis-
tribution of the ligands on the ECM, that determines the
pattern of how the traction forces are transmitted to the
matrix. This model offers the possibility of analyzing, indi-
vidually, the influence of the different proteins involved in the
mechano-biological process: myosins in their role of traction
motors or the length of the actin filament, which is constantly
changing because of the polymerization and depolymeriza-
tion processes. It also considers the ligand concentration in
the ECM, which determines the location of the adhesions and
their size .
It is fair to say that, in spite of the considerable quan-
tity of parameters and different phenomena analyzed, there
are still a great amount of factors that has not been taken
into account in this model. This is due to the implicit need
of establishing some simplifications in the quantity of ele-
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Fig. 8 Simulation results for
stiff matrix (actin green; ACs
yellow; matrix red; ligands red
points). The matrix stiffness is
very high, therefore it barely
deforms under the force
transmited by the ACs. Hence,
the ACs have to bear all that
force, deforming at high
velocity. This provokes the
rupture of the bounds and the
dead of the adhesion, causing
the free movement of the actin
filament. (Color figure online)
ments considered, or the need of formulating some hypoth-
esis due to the lack of information produced by the deep
unawareness that still exists about these biological processes.
For example, the ACs are formed by a myriad of differ-
ent proteins, but for this work, they are simplified to two
main protein complexes. In addition, we have not considered
implicitly the effect of the integrin proteins and the cell mem-
brane. To conclude, the discrete modeling here presented is
a relevant tool to improve the understanding of cell matrix-
adhesions and to go deeper on the biological knowledge of
these processes.
The next step for this kind of models is their imple-
mentation in 3D simulations. Nowadays, cell–matrix adhe-
sions on 3D environments are being the focus of a growing
number of studies and experiments, and, in order to con-
duct reliable simulations of them, the development of 3D
models is essential. However, this work presents a consid-
erable challenge. Besides the inherent computational cost
of this kind of analyses, the mechanisms that regulate 3D
cell migration remain poorly understood. It is known that
the way of cell migration changes between 2D and 3D
environment, but it also appears that in a 3D environment
cells of the same type migrate in different ways depend-
ing on the physical properties of the extracellular matrix,
the degree of extracellular proteolysis and on soluble sig-
naling factors [30,31]. Therefore, it seems clear, that the
key, in order to develop more complex and reliable mod-
els in 3D, lies on the incorporation of quantitative exper-
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Fig. 9 Actin retrograde velocity under different ECM stiffness for a
uniform distribution of ligands. For a soft matrix, the ACs deform with-
out almost opposing to the actin filament movement. The matrix moves
along with the actin filament. As the matrix stiffness increases, its defor-
mation becomes slower, and the ACs that conform the linkage starts to
elongate and to transmit the reaction force from the matrix to the actin
filament. Hence, a reduction in the actin retrograde flow speed is pro-
duced. This behavior continues until the velocity reaches a minimum,
7 × 102 KPa. After that point, the ACs cannot bear the stress and start
to quickly disengage, provoking a considerable increment on the actin
speed
Fig. 10 Dependence of the adhesion size respect to actin retrograde
speed. The more ACs are conforming the adhesion or the bigger the
adhesion is, the bigger the traction force is. In intermediate compliance
matrix the clutches starts to grow as the traction force increases slowly,
but there is point at which the adhesion cannot grow further. The actin
filament, limited by its own length, cannot host more clutches. At this
point the size of the adhesion remains constant as the traction force
keeps increasing. In stiffer matrix, the relation is almost linear since the
ACs quickly disengage when the traction forces grows in the matrix
Fig. 11 Actin retrograde velocity under different matrix stiffness for
different ligands concentration. When the concentration of ligands
decreases to 20, the actin retrograde velocity is higher. On the con-
trary, when it increases to 60, the velocity decrease as a consequence of
the formation of more clutches. When the concentration is equal to 80,
there is no further decrease of the velocity. This is due to a saturation
of ligands on the matrix and therefore, the ACs are not able to clutch
with them
Fig. 12 Actin retrograde velocity under different matrix stiffness for
different actin filament length. For a short actin filament of 20 actin
monomers, few adhesion can grow, and therefore, it barely exists an
opposition to the actin filament movement. When the actin filament
increases to 40 actin monomers, the adhesion starts to grow stronger,
provoking a velocity drop. This phenomenon continues when the actin
filament grows to 60 and 80 actin monomers, being its effect clearly
noticed on the corresponding curves
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Fig. 13 Actin retrograde velocity under different matrix stiffness for
different myosin traction force values. The myosin heads determines
the force exerted to pull from the actin filament. When the number
of myosin heads is low, 45, the actin retrograde flow speed decreases.
When the number of myosin heads increases, the actin filament is driven
backwards with a stronger force. This effect is observed for 60, 75 and 90
mysosin heads. It can also be noticed that, the minimum velocity point
for each case occurs at lower stiffness for higher number of myosin
heads
imental data that could clarify the mechanism of these
processes.
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